Background Adding soluble particulate poragens to antimicrobial-loaded bone cement increases the permeability of the bone cement and increases the antimicrobial release, but the mechanical effect of adding poragens is not well known. Questions/purposes We therefore asked the following questions: (1) Does the poragen fraction in antimicrobialloaded bone cement affect its antimicrobial release? (2) Does poragen fraction in antimicrobial-loaded bone cement affect its compressive strength; and (3) Does the effect on compressive strength change over time in elution? Methods Antimicrobial-loaded bone cement made in the proportions of 40 g polymer powder, 20 mL monomer liquid, 1 g tobramycin powder and one of six different doses of poragen powder (0, 1, 2, 4, 8, or 16 g of particulate xylitol per batch) was formed into standardized test cylinders and eluted for 30 days. We determined the cumulative recovered tobramycin and the change in compressive strength over 30 days of elution.
Introduction
Local delivery of antimicrobials from antimicrobial-loaded bone cement (ALBC) is a recognized modality for the management of established orthopaedic infections, capable of achieving concentrations sufficient to kill bacteria in biofilm [4, 21] . Several studies demonstrate a substantial improvement in controlling infection with the use of ALBC [3, 20] . The antimicrobial dose in the six FDA-approved ALBC products in the United States (0.5-1.0 g aminoglycoside per batch of cement) is limited by the mechanical requirements for implant fixation and is not sufficient for treatment of established infections [10] . Surgeons formulate high-dose ALBC as an off-label application used to treat orthopaedic infections. These formulations are handmixed by the surgeon in the operating room with substantially higher antimicrobial doses than their premixed commercial counterparts, using up to 14 g of antimicrobial powder per batch of bone cement [10] . The increased delivery of antimicrobials from high-dose formulations comes at the expense of decreased mechanical strength.
Antimicrobial loads greater than 4.5 g per batch cause unacceptable degradation in mechanical properties of the bone cement [3, 5, 12] . In these studies antimicrobial powder is acting as the poragen, not an additional inert particulate powder.
Several authors have explored the addition of an inert poragen to increase antimicrobial release [11, 18] . The increase in permeability is dose-and particle size-dependent [17] . Increased antimicrobial release occurs when a low dose of antimicrobial powder (1 g) is added to bone cement made porous with high doses of inert poragen [18] , but mechanical testing was not performed in these studies [11, 17, 18] .
We asked if (1) increasing fractions of poragen added to ALBC with 1 g tobramycin progressively increase antimicrobial release from the cement; (2) increasing fractions of poragen added to ALBC progressively decrease its compressive strength; and (3) the mechanical effect caused by adding a poragen to ALBC change over time in elution as the antimicrobial powder diffuses from the pores.
Materials and Methods
We made 28 ALBC test cylinders with six different poragen doses (0, 1, 2, 4, 8, or 16 g per batch of cement) ( Fig. 1 ). Four groups of five standardized ALBC cylinders for each poragen fraction (20 cylinders per batch) were eluted in 20 mL of deionized water. Total eluant exchange was performed on Days 1, 3, 7, 15, and 30, maintaining infinite sink conditions throughout. One group for each poragen fraction underwent all 5 eluant exchanges and the eluate from that group was assayed for tobramycin concentration. In three groups for each poragen fraction, elution was terminated before 30 days of elution based on the mechanical testing schedule below ( Fig. 1 ). All four groups of cylinders, for each poragen fraction were mechanically tested following completion of elution.
Three groups, one at each time period (7, 15 and 30 days) and one non-eluted group (4 groups total) were mechanically tested to failure in compression, for each poragen fraction. The entire protocol was performed in triplicate, three batches for each poragen fraction (60 cylinders per poragen fraction, total 360 cylinders). All three replicates underwent elution for tobramycin release and mechanical testing.
The ALBC was made using Simplex P 1 (Stryker, Kalamazoo, MI), mixed in proportions of 40 g polymer powder, 20 mL liquid monomer, 1 g tobramycin sulfate powder (X-gen pharmaceuticals, Northport, NY), and particulate xylitol (XyloSweet 1 ; Xlear, Orem, UT) as the poragen in one of the following doses, 0, 1, 2, 4, 8, or 16 g. The particle size of the xylitol was 106-212 lm using ASTM E-11 sieves [17] . The polymer powder, tobramycin powder, and xylitol powder were first mixed homogeneously using a mixing bowl. The monomer was then added and the ALBC mixed by hand without vacuum. All mixes were half batches to minimize waste. Standardized ALBC test cylinders, 12 mm in length and 6 mm in diameter (ASTM 451-99a1) [1] , were made using a Teflon 1 mold. The ALBC was introduced into the mold in the dough phase and allowed to fully polymerize. The ends of the cylinders were machined square and flat in the mold using low cutting speed to prevent melting and smearing of the polymethylmethacrylate, producing 28 cylinders. Each test cylinder was weighed and precise length and diameter measurements were made. Cylinders were transilluminated under magnification to discard any specimens containing visible defects. Twenty test specimens were then selected randomly from the remaining cylinders for study.
ALBC
One group of five test cylinders from each of six poragen fractions (0, 1, 2, 4, 8, or 16 g in a batch of cement) was eluted for tobramycin release in glass scintillation vials with 20 mL of deionized water (DI) ( Fig. 1 ). Total eluant exchange was performed on Days 1, 3, 7, 15, and 30, maintaining infinite sink conditions throughout. Tobramycin concentration in the eluate was measured by disc diffusion bioassay using concentration standards on every plate [6] . Each eluate sample was assayed in triplicate and averaged to determine the concentration. Cumulative recovered tobramycin (Mt) was calculated by summing the recovered tobramycin sulfate from all eluant exchanges up to time t. The procedure was repeated for three separate mixes for each poragen fraction.
Compressive strength was measured using four groups of five cylinders (including the group used for tobramycin release assays) made of ALBC from each poragen fraction, eluted as described above, one group after elution durations of 0, 7, 15, and 30 days. Each cylinder was loaded to failure in compression at 24 mm per minute in an MTS Sintech 1/S material test frame (MTS Systems Co, Ltd, Eden Prairie, MN). Load displacement data were analyzed using a custom MATLAB 1 (The Mathworks Inc, Natick, MA) algorithm to establish the maximum compressive strength in accordance with ASTM Standard 451-99-a1 [1] .
We determined differences in antimicrobial release and differences in compressive strength between each poragen fraction using ANOVA.
We determined the effect of time in elution on compressive strength using Repeated Measures ANOVA.
Results
Tobramycin release increased (p \ 0.001) with poragen fraction. For ALBC containing 1 g xylitol per batch, 440 lg tobramycin was recovered by 3 days and 816 lg after 30 days (Fig. 2 ). For ALBC containing 16 g xylitol per batch, 1043 lg tobramycin was recovered by 3 days and 2722 lg after 30 days (Fig. 2) .
Compressive strength decreased with increasing (p \ 0.001) poragen fraction.
Compressive strength decreased (p \ 0.001) with increasing time in elution. The greatest loss in compressive strength occurred during the first 7 days of elution ( Fig. 3 (Fig. 3 ). Compressive strength remained above 70 MPa for the duration of the 30 day elution period for poragen fractions of 0, 1, and 2 grams per batch but not for 4, 8, and 16 grams per batch (Fig. 3) . 
Discussion
Adding soluble inert particulate poragens to ALBC increases its permeability and increases the release of antimicrobials, but the mechanical effect of adding inert poragens has not been adequately studied. We asked whether (1) increasing fractions of poragen added to ALBC would progressively increase its antimicrobial delivery; (2) increasing fractions of poragen added to ALBC would progressively decrease its compressive strength; and (3) the compressive strength of ALBC would change over time in elution.
There are several limitations to our study. First, we performed only in vitro experiments producing pharmacokinetic data. The use of xylitol as a poragen needs to be tested in an in vivo model. Xylitol's safety for human ingestion and ability to prevent dental caries has been documented in the dental literature [15] making it a desirable choice of particulate poragen material for its apparent antimicrobial effect, but its use in orthopaedic applications has not been clinically studied. The dental literature does not report use of xylitol as a poragen for local antimicrobial delivery, and the flora in the mouth is different from that typically encountered in musculoskeletal infections. Second, the cylinders were only tested uniaxially in compression following the ISO standard for compressive loading of orthopaedic bone cement which designates 70 MPa as the minimum acceptable strength [9] . The mechanical stresses that implant fixation sustains in vivo are much more complicated. Changes in compressive strength are considered to be consistent with the changes in other mechanical properties seen in more complex loading patterns [13] . Although compression is a good indicator of mechanical properties, creep or fatigue testing is necessary to more definitively characterize the mechanical effects from poragens. Third, we tested bone cement from only one manufacturer. The material properties of cements from differing manufacturers vary [2] so similar studies need to be carried out using the other available bone cements. Fourth, tobramycin was the only antimicrobial powder studied, and xylitol was the only poragen studied. Antimicrobial release and mechanical properties of the ALBC may change with the use of different antimicrobials and poragens. Chemical interaction between tobramycin and xylitol was not considered important in this case based upon the structures and water solubilities of xylitol and tobramycin. Interactions between other antimicrobials, poragen materials, and cements could be important. Further studies would be necessary to make determinations about other ALBC formulations.
Finally, the fraction of poragen in this study was calculated in grams per batch (proportional to weight fraction), however, it is volume fraction that determines the pore-forming capacity that leads to the changes in permeability, antimicrobial release, and mechanical performance. Due to the variation in density of antimicrobial powders and poragen materials, the volume fraction can differ by several multiples of the weight fraction with poragens of differing densities. The density of tobramycin formulations can vary by 3.5 times [19] . Volume fraction, determined by direct measurement, not calculated form material properties, is the correct value to use when comparing ALBC formulations made with different poragens. The density of particulate xylitol used in this study, as measured by volume displacement in non-solvent fluid, is 33% greater than PMMA. In this study the weight dose per batch under states the effect by more than 2 times (2 g xylitol per batch = 3.2 wt% = 1.5 vol%). To allow comparison with future investigations of other poragen materials our data should be related to volume fractions of 0.75, 1.50, 3, 5.75, and 11 volume %, not dose weights of 1, 2, 4, 8, and 16 g per batch.
The addition of hydrophilic poragens, such as dextran, glycine, and most antimicrobial powder, has been reported to increase antimicrobial released from ALBC [7, 11, [16] [17] [18] (Table 1 ). Our data are qualitatively consistent with these published data but cannot be quantitatively compared because the volume fraction in those studies is unknown. Hanssen and Spangehl discuss surgeon formulated ''high dose'' ALBC used to treat active infection, concluding that increased local delivery is achieved with increased antimicrobial dose in the ALBC [7] . McLaren et al. reported that ALBC with large weight fractions of inert poragen increased antimicrobial release from ALBC that contains a low antimicrobial dose compared to ALBC containing the same dose of antimicrobial but no additional inert poragen [18] . In other experiments McLaren et al. showed that the permeability increase caused by poragens is dependent on particle size [17] . Although high doses of antimicrobial powder can act as a poragen, this can be expensive and the particle size of the antimicrobial powder cannot be selected by the orthopaedic surgeon. Using low-cost soluble particulate poragens to increase porosity has the benefit of increasing the delivery of antimicrobials from ALBC using smaller doses of costly antimicrobial powder and the particle size of the poragen is independent of the antimicrobial choice.
Our results are also consistent with the observations of other investigators who report compressive strength of ALBC progressively decreases with increasing dose of antimicrobial powder (Table 1) [12, 13] . Lautenschlager et al. reported decreasing compressive strength of ALBC caused by adding increasing amounts of antimicrobial powder per batch of cement, without elution [12] . Lewis and Bhattaram reviewed several investigations studying different antimicrobials, doses and cement manufacturers [13] . These reviewed data have conflicting results showing strength degradation caused by adding poragens in some and not in others. This led Lewis and Bhattaram to study compressive strength of ALBC containing different amounts of antimicrobial powder. Low dose ALBC (1 g per batch) had no difference in compression strength and fatigue properties of the ALBC compared to control cement without any antimicrobial powder [13] . In comparison, our Day 0 compressive strength did decrease for poragen fractions of 2 g per batch or less, and our Day 1-30 data showed increasing loss of compressive strength following elution, for doses of 4 g per batch and greater.
The mechanical strength of ALBC related to time in elution is less extensively studied. Lewis and Janna reported decreasing fatigue life of ALBC with increasing time in elution [14] , which is consistent with our data showing decreasing compressive strength as the time in elution increases. He et al. similarly found that compression strength of ALBC decreased substantially after 48 weeks of elution for 4 g and 6 g of gentamicin per batch of cement; however, the density of the gentamicin is unknown [8] , Therefore volume percent cannot be calculated for comparison with other data.
Our data show increasing poragen fraction in ALBC leads to increasing antimicrobial release and decreasing compressive strength, and increasing time in elution leads to decreasing compressive strength of ALBC. 
